Introduction
Plasma lipoproteins are water-soluble macromolecules consisting of complexes of lipids and specific apolipoproteins, and enable to transport lipids and other hydrophobic molecules in the blood and other tissue fluids [1, 2] . High-density lipoproteins (HDLs) are the most abundant plasma lipoprotein in the vast majority of mammals [3] . ApoA-I is the major protein of HDLs, comprising 70% of the total HDLs [4] . ApoA-I is necessarily distributed in the HDLs of vertebrates so far reported [5] . The molecular weight (Mr) of apoA-I ranges from 25 to 29 kDa in vertebrates including fish [3, [5] [6] [7] [8] . Every apoA-I is characterized by 11 or 22 amino acid repeats predicted to form amphipathic a-helical secondary structures [9] . Zebrafish apoA-I with Mr 27 kDa has been shown 25.6% identity to human apoA-I sequence, despite their evolutional distance [10] . ApoA-I thus seems to be highly conservative among vertebrates.
Species-specific features are found in mammalian apoA-II, although it is distributed in the human HDLs as a second major protein. Previous reports showed no apoA-II in the HDLs of bovine [11] , pig [12] , dog [13] , rabbit [5] , and chicken [14] , but apoA-II has already been proved to associate with bovine [15] and pig HDLs [16] . The Mr of apoA-IIs from most mammals ranges from 8 to 9.9 kDa, while both human and chimpanzee apoA-IIs are associated with HDLs as disulfide-linked homodimers (17.4 and 17.5 kDa, respectively) because of cysteine at position 6 [3] . Homodimeric apoA-II has been isolated from pig [16] and horse HDLs [17] , and their apoA-IIs contain a cysteine at position 6, like human and chimpanzee. Plasma HDL levels of fish are several folds higher than those of other vertebrates [5 -8] . Two major apolipoproteins with Mr 28 and 14 kDa are present in most fish HDLs and the former is identified to be apoA-I judging from the sequence similarity to corresponding mammalian apoA-I [10, [18] [19] [20] [21] [22] . Although the latter apolipoprotein is a second major protein of HDLs, red sea bream contained apoA-I as the sole detectable protein of HDLs [7] . There is a distinct difference in Mr between mammalian monomeric apoA-II and fish apolipoprotein with Mr 14 kDa (apo-14 kDa). No homologous protein has been noted for apo-14 kDa from Japanese eel, pufferfish, and orange-spotted grouper, naming apo-14 kDa for fishspecific apolipoprotein [20, 21, 23] . Some studies have revealed that apoA-I and apo-14 kDa in fish plasma HDLs were associated with innate immune system [24] [25] [26] [27] , whereas mammalian HDLs containing apoA-I and apoA-II possessed antimicrobial or antiviral activities in vitro [15, [28] [29] [30] [31] . Apo-14 kDa has also been reported to be required for digestive system organogenesis during embryogenesis and early larval development of gibel carp [32] . HDLs including apoA-I, apoA-II, and fish apo-14 kDa thus seem to play important roles not only in lipid transport system but in physiological function.
To investigate the relationship between fish apo-14 kDa and mammalian apoA-II, we performed phylogenetic analysis using apoA-II, apoC-II, and apoC-III sequences extracted from databases. Fish apo-14 kDa seemed to be homologue of mammalian apoA-II, although it lacked propeptide that was found in mammalian apoA-II sequences. In addition, apoA-II gene was extracted from such vertebrates as dog, chicken, green anole lizard, and African clawed frog in which no apoA-II had so far been detected, suggesting both apoA-I and apoA-II as fundamental constituents of vertebrate HDLs.
Materials and Methods

Fish
Cultured Japanese eel Anguilla japonica (average body weight 225 g) were purchased at a local fish market and rainbow trout Oncorhynchus mykiss (average body weight 125 g) were obtained from a local farmer.
Plasma lipoprotein isolation, SDS -PAGE, and N-terminal amino acid sequence of apolipoproteins Japanese eel plasma lipoproteins were separated by sequential ultracentrifugation [8] in a KBr solution at densities ,1.006 g/ml for very low-density lipoproteins (VLDLs), from 1.006 to 1.085 g/ml for low-density lipoproteins (LDLs), and from 1.085 to 1.210 g/ml for HDLs. SDS-PAGE was carried out according to the method of Laemmli [33] . Electrophoresis was conducted on gradient gels (4.5-18% polyacrylamide) at 20 mA for 4 h. Lipoprotein samples contained 1% of 2-mercaptoethanol and were heated to 958C for 5 min. The relative Mr of apolipoproteins was determined by comparison with simultaneously run proteins of known Mr (HMW SDS and LMW Marker kits from GE Healthcare UK Ltd, Buckinghamshire, England). Protein bands on gels were stained with 0.2% Coomassie Brilliant Blue R-250. N-Terminal amino acid sequencing was done by the method of Matsudaira [34] . Apolipoproteins separated on SDS-PAGE gel were transferred by semi-dry electroblotting to Sequi-Blot polyvinylidene difluoride membrane (Bio-Rad, Hercules, CA, USA) in 48 mM Tris and 39 mM glycine transfer buffer (pH 9.2) containing 20% methanol at 10 V for 75 min. The membrane corresponding to apo-14 kDa was sequenced by a model 492 protein sequencer (Applied Biosystems Japan Ltd, Tokyo, Japan).
Isolation of apo-14 kDa cDNA Total RNAs were isolated from the livers of Japanese eel and rainbow trout using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocols. The first-strand cDNA for 3 0 -rapid amplification of cDNA ends (3 0 -RACE) was synthesized from 1 mg of total RNA using 200 U of SuperScript II, oligo(dT) adaptor (10 pmol), and reverse transcriptase buffer (20 ml) of the first-strand cDNA synthesis kit (Invitrogen). The synthesis reaction was carried out at 428C for 50 min. Using the firststrand cDNA as a template, 3 0 -RACE was conducted to isolate a partial cDNA of Japanese eel and rainbow trout apo-14 kDa. The following oligonucleotide primers were synthesized for PCR: the 20-mer sense degenerate oligonucleotide 5 0 -CCGCAGCCNWSNAARGARYT-3 0 , corresponding to N-terminal amino acid sequences 3-9 in Japanese eel apo-14 kDa; the 20-mer antisense oligonucleotide 5 0 -GGCCACGCGTCGACTAGTAC-3 0 . Ligationmediated 5 0 -RACE was accomplished using SMART RACE cDNA amplification kit (BD, Palo Alto, CA, USA). A set of the 22-mer sense oligonucleotide 5 0 -CTAATACGACTCACTATAGGGC-3 0 and either the 24-mer antisense oligonucleotide 5 0 -CCAGCCATGCG AACTTTGTCCACC-3 0 corresponding to cDNA sequences 381-404 of Japanese eel apo-14 kDa or the 26-mer antisense oligonucleotide 5 0 -GGAAAGGTACAA GCGTGTGGGGCGGT-3 0 corresponding to cDNA sequences 533-558 of rainbow trout apo-14 kDa was adopted for 5 0 -RACE. Both 3 0 -and 5 0 -RACE products obtained were sequenced by the dideoxy-chain termination method using BigDye Terminator v3.1 Cycle Sequencing kit and an ABI 3100 DNA sequencer (Applied Biosystems). The cleavage site of signal peptide in apolipoproteins was predicted using hidden Markov models (http://www.cbs.dtu.dk/services/SignalP/).
Phylogenetic analysis
Multiple local sequence alignments were performed using the CLUSTAL W program [35] . Topology and branch lengths of the phylogenetic tree were estimated using the neighbor-joining (NJ) method [36] based on the number of amino acid substitutions per site. Reliability of the NJ tree topology was evaluated by bootstrap analysis [37] with 1000 replications. The accession numbers of apolipoprotein sequences extracted from the DDBJ/EMBL/GenBank, TGI, or Ensembl database are summarized in Table 1 .
Results
Isolation of LDLs and HDLs from Japanese eel plasma and confirmation of apo-14 kDa N-terminal amino acid sequence Three major lipoproteins, VLDLs, LDLs, and HDLs, were isolated from the plasma of Japanese eel by sequential ultracentrifugation. Apolipoprotein features were clearly distinguished between LDLs and HDLs ( Fig. 1) . HDLs consisted of two major apolipoprotein with Mr 28 kDa and apo-14 kDa, whereas apoB-like protein with Mr . 200 kDa was also found along with these apolipoproteins in LDLs. The sequence of N-terminal 20 amino acids for the apo-14 kDa in HDLs was ELPQPSKELVDKYTDLKESV. Interestingly, the apo-14 kDa in LDLs possessed exactly the same N-terminal amino acid sequence as that in HDLs (Fig. 1) . Mobility of apo-14 kDa on SDS-PAGE was not influenced by reducing treatment of HDLs and LDLs, suggesting no cysteine residue in this apolipoprotein. Different from mammalian apoA-IIs with a pyroglutamyl residue derived from glutamine at the N-terminus, apo-14 kDa in Japanese eel possessed no blocked N-terminus.
Apo-14 kDa cDNA from Japanese eel and rainbow trout livers Kondo et al. [20] first deposited a cDNA sequence of Japanese eel apo-14 kDa in DDBJ/EMBL/GenBank (accession no. AB046209). The cDNA sequence in open-reading frame and 3 0 -untranslated region obtained in this study completely coincided with that reported by Kondo et al. [20] , whereas our 5 0 -RACE PCR succeeded in extending more 17 bp in 5 0 -untranslated region (DDBJ/ EMBL/GenBank accession no. AB212662). The coding region of the sequence was translated into 142 amino acids, which included a signal peptide of 20 amino acids predicted by the SignalP program. N-Terminal amino acid sequence of open-reading frame excluded signal peptide completely coincided with that of apo-14 kDa on SDS-PAGE, indicating no propeptide in apo-14 kDa.
Partial cDNA sequence of rainbow trout apo-14 kDa was obtained by 3 0 -RACE PCR using degenerate oligonucleotide corresponding to N-terminal amino acid sequences of Japanese eel, and full cDNA sequence with 875 bp nucleotides was finally determined for rainbow trout (DDBJ/EMBL/GenBank accession no. AB212663). Mature apo-14 kDa sequences from Japanese eel and rainbow trout satisfied the common structural features depicted for the exchangeable apolipoproteins ( Fig. 2) : 33-codon block comprised of 3 U of 11 amino acids, and internal repeats of 11 or 22 amino acid residues predicted to form amphipathic a-helical secondary structures. Human apoA-II consisted of 33-codon block, followed by internal repeats 4 (11 amino acid residues) and 5 (22 amino acid residues), while three more internal repeats 6-8 (18-24 amino acid residues) were found in Japanese eel and rainbow trout apo-14 kDa sequences. Proline was situated in the first position of internal repeats 5-8 from human apoA-II and fish apo-14 kDa sequences.
An alignment of the deduced amino acid sequences from Japanese eel and rainbow trout apo-14 kDa with the corresponding human sequences is shown in Fig. 2 . Human apoC-II and apoC-III sequences were also aligned along with apoA-II since these apolipoproteins have been revealed to arise from the common ancestor gene [9] . Gaps were introduced for maximum alignment of these sequences. There were deletions of six amino acid residues in 33-codon block of Japanese eel and rainbow trout sequences. Deletions of two amino acid residues were observed in internal repeat 4 of Japanese eel and rainbow trout, whereas internal repeats 5-8 of Japanese eel and rainbow trout consisted of 18-22 and 18-24 amino acids, respectively. Japanese eel and rainbow trout apo-14 kDa sequences showed 24% and 12%, 8% and 7%, and 10% and 9% identities to amino acid sequences of human apoA-II, apoC-II, and apoC-III, respectively.
Sequence similarity among mammalian, chicken, green anole lizard, and African clawed frog apoA-II and fish apo-14 kDa An alignment of mammalian, chicken (Gallus gallus), green anole lizard (Anolis carolinensis), and African clawed frog (Xenopus laevis) apoA-II sequences along with fish apo-14 kDa is shown in Fig. 3 . Although the sequence for dog (Canis familiaris) apoA-II cDNA has been in NCBI database as accession number XM_536139, this cDNA contained more nucleotides than expected for apoA-II sequence. Alternatively, dog apoA-II sequence (TC65496) was extracted from the TGI database using human apoA-II sequence as a probe of in silico cloning. Dog apoA-II consisted of 100 amino acids and the SignalP program predicted a signal peptide of 18 amino acids which were observed in most mammalian apoA-II sequences. Dog apoA-II showed 80%
Fig. 1 SDS -PAGE of LDLs and HDLs
LDLs and HDLs were isolated from the plasma of Japanese eel and N-terminal amino acid sequences of apo-14 kDa were indicated. identity and 87% similarity to amino acid sequence of human apoA-II. In silico cloning of the TGI database also revealed the sequences of signal peptide and propeptide in bovine (Bos taurus) apoA-II whose mature sequence had so far been available. Propeptide sequence of bovine apoA-II completely coincided with human apoA-II.
Chicken apoA-II, which consisted of 112 amino acids including a signal peptide of 17 amino acids and a putative propeptide of 15 amino acids, was extracted from the TGI database using human apoA-II sequence as a probe of in silico cloning. Chicken apoA-II sequence showed 28% identity and 43% similarity to amino acid sequence of human apoA-II. The 33-codon block and internal repeats 4 and 5 which revealed the common structural features of mammalian apoA-II sequence were found in chicken mature apoA-II sequence, although an excess amino acid was inserted in the 33-codon block of chicken. Chicken apoA-II was thus confirmed to be the homologue of mammalian apoA-II.
Ensembl database has recently provided some sequences for green anole lizard genes. Human apoA-II sequence enabled us to find green anole lizard apoA-II in Ensembl database. Green anole lizard apoA-II was located in scaffold_602 as GENSCAN00000091876 and consisted of 104 amino acids including a signal peptide of 18 amino acids and a putative propeptide of 5 amino acids. Green anole lizard apoA-II sequence showed 20% identity and 33% similarity to amino acid sequence of human apoA-II. African clawed frog apoA-II sequence that had not so far been informed was also extracted from the NCBI database using green anole lizard apoA-II sequence as a probe of in silico cloning. Although African clawed frog apoA-II had been annotated as lens-specific gene, it seemed to be the homologue of mammalian apoA-II. African clawed frog apoA-II contained a signal peptide of 18 amino acids, a putative propeptide of 5 amino acids, 33-codon block, and internal repeats of 11 and 18 amino acids. African clawed frog apoA-II sequence showed 26% identity and 37% similarity to amino acid sequence of green anole lizard apoA-II. Lamprey (Petromyzon marinus) apolipoprotein LAL1 sequence comprised of 105 amino acids including a signal peptide of 23 amino acids and a propeptide of 6 amino acids was also involved in the alignment since sequence similarity had been shown among LAL1, human apoA-II, and apoC-III [2, 38] . Japanese eel apo-14 kDa sequence could find its homologue from 14 fish species deposited in the DDBJ/ EMBL/GenBank or TGI database. Fish apo-14 kDa sequences extracted from the databases involved a signal peptide of 18-20 amino acids, 33-codon block with 25-28 amino acids, internal repeat 4 with 5-10 amino acids, and internal repeats 5-8 with 18-25 amino acids. Fish apo-14 kDa contained more internal repeats than mammalian, avian, reptilian, and amphibian apoA-IIs (Fig. 3) . Amino acid sequences in 33-codon block of mammalian apoA-II and fish apo-14 kDa were far less conservative than those in internal repeats 4-8. Internal repeat 4 of fish apo-14 kDa except for Tetraodon nigroviridis displayed 27-45% sequence identity and 27-54% similarity to that of mammalian apoA-II. Mammalian internal repeat 5 displayed 16-28% sequence identity and 20-48% similarity to fish internal repeat 7, but it gave overall internal repeats 5-8 of fish apo-14 kDa rather lower sequence similarity. Internal repeats 5-8 within the same fish species showed some similarity each other. The highest sequence identity (36%) and similarity (58%) of amino acids were found in internal repeats 6 and 7 of catfish (Ictalurus punctatus) and gibel carp (Carassius auratus gibelio), Fig. 3 Conserved protein sequences of (A) signal peptide, propeptide, and unrelated coding region 1, (B) 33-codon block, and (C) internal repeats (4 -8) and unrelated coding region 2 of apoA-II and apo-14 kDa (apoA-II-like protein) These sequences except for Japanese eel and rainbow trout aligned were extracted from the DDBJ/EMBL/GenBank, TGI, or Ensembl database. The species abbreviations refer to sequences from Tetraodon nigroviridis (Tetraodon), Haplochromis chilotes (Haplochromis), Epinephelus coioides (Epinephelus), Hemibarbus mylodon (Hemibarbus), and Oplegnathus fasciatus (Oplegnathus). Amino acid residues identical or conserved with human apoA-II sequence are shaded in dark gray or light gray, respectively. All sequences are numbered according to the mature proteins. No available information of amino acid sequences is indicated by dots. Numbers in parentheses in the alignment indicate signal peptide probability using hidden Markov models (http:// www.cbs.dtu.dk/services/SignalP/). Other abbreviations and symbols are as in the legend to Fig. 2. respectively. As was distinct from mammalian, chicken, green anole lizard, and African clawed frog apoA-IIs and lamprey LAL1, fish apo-14 kDa lacked propeptide which is covalently linked to the N-terminus of mature protein and undergoes extracellular post-translational proteolytic cleavage in the circulatory plasma.
Phylogenetic tree of apoA-II, apoC-II, apoC-III, and fish apo-14 kDa The evolutionary relationships between fish apo-14 kDa and other available sequences from exchangeable apolipoproteins such as apoA-II, apoC-II, and apoC-III are presented in Fig. 4 . The phylogenetic tree was constructed from the partial amino acid sequences of 33-codon block and internal repeats 4 and 5. The clustering pattern of Fig. 4 showed that chicken, green anole lizard, and African clawed frog apoA-IIs were definitely classified into the mammalian apoA-II group. apoC-II group involved mammals, amphibian, and fish, whereas vertebrates other than mammals were not found in apoC-III group. Apo-14 kDa proteins from 16 fish species including Japanese eel and rainbow trout fell into one group, which was much closer to mammalian apoA-II than apoC-II and apoC-III. The phylogenetic tree was sufficient to consider fish apo-14 kDa to be the homologue of mammalian apoA-II and it was termed apoA-II-like protein.
Discussion
Apolipoproteins are important structural components of plasma lipoproteins and have been shown to participate in lipoprotein assembly, secretion, processing, and catabolism [1, 2] . In mammals, a group of nine exchangeable and soluble apolipoproteins (apoC-I, apoC-II, apoC-III, apoC-IV, apoA-I, apoA-II, apoA-IV, apoA-V, and apoE) is associated with plasma lipoproteins [1, 2, 39] . ApoA-I is the major protein of HDLs in vertebrates reported to date, whereas apoA-II has not been found in dog [13] , rabbit [5] , and chicken [14] HDLs. Considering small exchangeable apolipoproteins including apoA-II arose from the common ancestor gene [9] , apoA-II should be present in the plasma of vertebrates. In silico cloning of the TGI, Ensembl, or NCBI database enabled us to extract the homologous protein of human apoA-II from dog, bovine, chicken, green anole lizard, and African clawed frog. A putative propeptide of chicken apoA-II was much larger than that of corresponding mammals (Fig. 3) . N-Terminal amino acid sequence of apoA-II isolated from the chicken plasma should help to identify the exact propeptide.
Apo-14 kDa has been revealed to be specific to fish HDLs and no sequence similarity has been found between fish apo-14 kDa and mammalian apoA-II [20, 21] . Japanese eel apo-14 kDa sequence was successful to find its homologue from 14 fish species deposited in the DDBJ/EMBL/GenBank or TGI database (Fig. 3) . Such common structural features of 33-codon block and internal repeats 4 and 5 as mammalian apoA-IIs were observed in fish apo-14 kDa sequences. The Mr of fish apo-14 kDa was apparently larger than that of mammalian monomeric apoA-IIs. This led to some difficulty to consider whether fish apo-14 kDa was the homologue of mammalian apoA-II. Fish apo-14 kDa seemed to be the homologue of mammalian apoA-IIs for the following reasons: (i) fish apo-14 kDa sequences showed greater similarity with human apoA-II than with human apoC-II or apoC-III (Fig. 2); (ii) the sequence identities of internal repeats between fish apo-14 kDa and mammalian apoA-II (Fig. 3) were comparable to those between fish and human apoA-I [10, [18] [19] [20] [21] [22] or between fish and human apoE [10, 40] ; and (iii) the clustering pattern of Fig. 4 showed that fish apo-14 kDa was closely linked to mammalian apoA-II. Fish apo-14 kDa was thus valid to be termed apoA-II-like protein and comprised three more internal repeats compared with mammalian, chicken, green anole lizard, and African clawed frog apoA-IIs.
Different from mammalian, chicken, green anole lizard, and African clawed frog apoA-IIs and lamprey LAL1, fish apo-14 kDa lacked propeptide (Fig 3) . This suggested that fish apo-14 kDa was secreted into the plasma as a mature form without processing of propeptide by a convertase [41] . A pyroglutamyl residue derived from glutamine was predicted at the N-terminus of mature apo-14 kDa from rainbow trout, zebrafish (Danio rerio), gibel carp, killifish (Fundulus heteroclitus), Hemibarbus mylodon, and Oplegnathus fasciatus, like mammalian and chicken apoA-IIs (Fig. 3) . N-Terminal amino acid sequence of apo-14 kDa isolated from these fish plasmas will make it possible to identify blocked N-terminus. It is obscure whether grass carp (Ctenopharyngodon idella) apo-14 kDa forms disulfidelinked homodimers, although it contains a cysteine in internal repeat 7 (Fig. 3) . No cysteine in other fish apo-14 kDa seems to permit a monomeric form in their plasmas.
In summary, we have characterized the sequences of apoA-IIs and fish apo-14 kDa, and the latter contained more internal repeats than mammalian, avian, reptilian, and amphibian apoA-IIs. Fish apo-14 kDa lacked propeptide and its sequence was not necessarily conservative with mammalian apoA-IIs. Exchangeable apolipoproteins including apoA-II have been recognized to be non-conservative proteins and apoA-II has evolved extremely rapidly among them [2, 9, [42] [43] [44] . This rapid rate of amino acid substitutions partially explains why the sequence information for vertebrate apoA-IIs is limited. Phylogenetic analysis allowed fish apo-14 kDa to be the homologue of mammalian apoA-II, although its sequence was less conservative with mammalian apoA-II.
